1. Introduction {#s0005}
===============

Dipeptidyl peptidase IV (DPP-IV, EC 3.4.14.5, CD26) is a multifunctional serine protease enzyme with key roles in the control of endocrine and immune function, cell metabolism, growth and adhesion ([@bib17]). As an enzyme, DPP-IV cleaves the *N*-terminal dipeptide of many biologically active peptides (such as incretin hormones glucagon-like peptide-1 and glucose-dependent insulinotropic polypeptide) from the oligopeptide chain with proline or alanine at the second position ([@bib31]). DPP-IV is widely expressed in various tissues or cells (high mRNA levels and abundant protein levels in the kidney and small intestine) as a membrane-anchored cell surface protein or as a soluble form in the plasma and other body fluids ([@bib21], [@bib25], [@bib38]). The ubiquitous expression and the enzymatic actions of DPP-IV make this enzyme to be involved in many biological or pathological processes, including the regulation of glucose metabolism ([@bib7], [@bib9]). Besides of being a famous therapeutic target for the treatment of type 2 diabetes, DPP-IV also exhibits co-stimulatory role in T-cell activation, adhesion to extracellular matrix proteins, and serves as the functional receptor for Middle East respiratory syndrome coronavirus infection ([@bib33], [@bib35]). Recently, DPP-IV has come back into the centre of attention as a novel molecular marker or a potential therapeutic target for cancer ([@bib3], [@bib19], [@bib4], [@bib2], [@bib6]). Furthermore, increasing evidence has demonstrated that the abnormal presence or altered level of DPP-IV in plasma can serve as a potential biomarker for early diagnosis and prognosis evaluation of many diseases, including cholestasis, non-alcoholic fatty liver disease and lung diseases ([@bib34], [@bib11], [@bib36]). Thus, the accurate measurement of DPP-IV in complex biological samples, especially in plasma, is of great importance for disease diagnosis, drug discovery and clinical practice.

Recent years have witnessed a rapid expansion in the use of small molecule fluorescent probes to detect and monitor the key enzymes in human biological processes, due to their inherent advantages including high selectivity and sensitivity, non-destructiveness, easy management and capability of being applicable to high-throughput detection ([@bib37], [@bib39]). Notably, dipeptidyl peptidases (DPPs) and fibroblast activation protein (FAP) are two highly homologous prolyl-cleaving dipeptidases, and the substrate spectra of FAP and DPPs (such as DPP-IV, DPP8 and DPP9) are commonly overlapped ([@bib43]). Up to date, most of DPP-IV substrates were found to be cleaved by FAP, DPP8 and DPP9 as well ([@bib1], [@bib23], [@bib29]). Although several fluorescent probes for DPP-IV have been developed and used *in vitro* bioassays, these probes do not have enough isoform selectivity to precisely evaluate the real activities of DPP-IV in complex biological systems, such as living cells and body fluids ([@bib14], [@bib18], [@bib22], [@bib42], [@bib40], [@bib13]). Furthermore, almost all reported fluorescent probes for DPP-IV work with one photo microscopy (OPM) and monitor DPP-IV activity by intensity-responsive fluorescence signal, which can be easily interfered with the excitation and emission efficiency, probe concentration, biological matrix and environmental conditions ([@bib45]). In contrast to traditional single-photon excited fluorescent probes, two-photon excited (TPE) fluorescent probes are induced by two-photon excitation with near-infrared (NIR) photons, which can minimize auto-fluorescence background, reduce phototoxicity or photo-damage to biological samples and increase specimen penetration, and thus more suitable for deep-tissue bioimaging and 3D imaging in living systems ([@bib15]; [@bib24]). These advantages make the TPE fluorescent probes excellent tools to investigate biomolecules in living cells and living tissues ([@bib32], [@bib5], [@bib41], [@bib26]). However, to the best of our knowledge, the TPE fluorescent probes for highly selective detection of DPP-IV in complex biological systems have not been reported yet. Thus it is urgently desirable to develop an isoform specific TPE probe for sensing DPP-IV in body fluids and living systems.

In this study, an isoform specific two-photon ratiometric fluorescent probe **GP-BAN** has been developed and well characterized for highly selective and sensitive sensing of DPP-IV in complex biological systems, on the basis of the catalytic properties and substrate preference of DPP-IV. Upon addition of DPP-IV, the probe can be readily hydrolyzed to release *N*-butyl-4-amino-1,8-naphthalimide (**BAN**), which brings remarkable changes in both colour and fluorescence intensity. The newly developed probe exhibits excellent specificity and ultrahigh sensitivity for DPP-IV over other hydrolases and common biological interferences in human body. Furthermore, **GP-BAN** has been successfully used for monitoring the real activities of DPP-IV in various biological samples, as well as for imaging endogenous DPP-IV in living cells and in deep-tissues with high ratiometric imaging resolution and deep-tissue penetration.

2. Experimental {#s0010}
===============

2.1. Synthesis of **GP-BAN** {#s0015}
----------------------------

The detailed synthesis and structural characterization of **GP-BAN** are described in the [Supplementary data](#s0120){ref-type="sec"} ([Scheme S1](#s0120){ref-type="sec"}, [Figs. S1--S3](#s0120){ref-type="sec"}).

2.2. General procedure for the measurement of DPP-IV activities {#s0020}
---------------------------------------------------------------

All the measurements of DPP-IV activity were carried out in 100 mM phosphate buffer (PBS, pH =7.4). With a total incubation volume of 0.2 mL, culture mixtures that contained PBS and mentioned enzymes protein or microsomes were mixed gently. Then a proper amount of **GP-BAN** was added to start the reactions (contain 1% DMSO). After incubation at 37 °C in a shaking water bath for 60 min, an equal volume of ice-cold acetonitrile was added to terminate the reactions. The mixtures were then centrifuged for 5 min at 20,000*g*. Aliquots of supernatant were taken for further fluorescence analysis (Gain 60). To ensure that metabolites formation was enzyme dependent, control incubations were carried out without enzyme sources at the same time. All assays were performed in duplicates.

2.3. Sensing DPP-IV activities in HKM, HIM and HLM {#s0025}
--------------------------------------------------

In order to evaluate the applicability of **GP-BAN** as a selective indicator for DPP-IV activity in human biological samples, the formation rates of the **GP-BAN** metabolite were used to describe DPP-IV activities in a panel of three microsomes (HKM, HIM, HLM). The DPP-IV quantity was determined by ELISA and total protein ratio. In addition, the formation rates of **BAN** in HKM were compared with other microsomes. The concentrations of DPP-IV in HKM were also compared with others.

2.4. Sensing DPP-IV activities in human plasma and correlation studies {#s0030}
----------------------------------------------------------------------

Plasma samples were collected from 13 healthy donors. Plasma sample was diluted 100-fold with a solution of **GP-BAN** (100 μM) in PBS. The fluorescence spectra were measured in PBS-acetonitrile (v:v =1:1, pH=7.4). The excitation wavelengths were set at 360 nm and 430 nm respectively. In addition, these plasma samples were selected to study the correlation relationship between the DPP-IV quantity determined by ELISA and the hydrolytic rate of **GP-BAN** hydrolyzed by DPP-IV.

2.5. Rapid screening of DPP-IV Inhibitors {#s0035}
-----------------------------------------

The assay was performed in a 96-well microplate. A mixture of **GP-BAN** (100 μM), two DPP-IV selective inhibitors of sitagliptin (0--0.5 μM) and vildagliptin (0--2.5 μM), and recombinant DPP-IV (1 μg/mL) or human plasma (2 μL) in PBS (pH 7.4) containing less than 1% DMSO (total volume 200 μL), was incubated for 5 min at 37 °C. The IC~50~ values were determined by incubating **GP-BAN** with different concentrations of the inhibitor. The inhibitory effects were expressed as percent decrease in fluorescence intensities ratio (*I* ~535~/*I* ~460~). Data were fit to log (inhibitor) vs. normalized response -Variable slope equation in GraphPad Prism 6.0 (San Diego, CA).

The procedure was performed as described above. A mixture of **GP-BAN** (100 μM), two DPP-IV selective inhibitors of sitagliptin (0--2.5 μM) and vildagliptin (0--2.5 μM), and recombinant DPP-IV (1 μg/mL) or human intestine microsome (HIM, 20 μg/mL) in PBS (pH 7.4) containing less than 1% DMSO (total volume 200 μL), was incubated for 5 min at 37 °C. The IC~50~ values were determined by incubating **GP-BAN** with different concentrations of the inhibitor. The inhibitory effects were expressed as percent decrease in fluorescence intensities ratio (*I* ~535~/*I* ~460~). Data were fit to log (inhibitor) vs. normalized response-Variable slope equation in GraphPad Prism 6.0 (San Diego, CA).

2.6. Cell culture and live cell imaging {#s0040}
---------------------------------------

HepG2 or Caco-2 cells were grown in MEM/EBSS culture medium (contain 10% FBS). Cells were seeding at a density of 1×10^5^ cells per dish (Φ 20 mm) and incubated in a humidified incubator containing 5% CO~2~ at 37 °C overnight. The adherent cells were washed twice with FBS-free culture medium and incubated with/without 50 μM vildagliptin (preparing in FBS free culture medium) for 30 min at 37 °C in 5% CO~2~ incubator. The stock solution of probe **GP-BAN** (50 mM) in DMSO was diluted into the cell culture media (FBS free) to a final concentration of 25 μM. The cells were then incubated at 37 °C for another 60 min, followed by rinsing with PBS (pH =7.4) for three times to remove the extracellular probe and imaged under confocal microscope (Olympus, FV1000). In one photon microscopy assay, excitation wavelength was set at 405 nm, blue emission was collected with a 430--480 nm window, and green emission was collected with a 520--570 nm window. In two-photon mode, images were acquired under 805 nm excitation and fluorescent emission windows of 420--460 nm (blue) and 495--540 nm (green).

2.7. Preparation of fresh mouse kidney slices and confocal fluorescence imaging {#s0045}
-------------------------------------------------------------------------------

Slices were prepared from the kidney of 7-day old mice. Slices were cut to 1 mm thickness by a vibrating-blade microtome and placed into glass-bottomed dish. For the fluorescence imaging experiments, slices were incubated with 20 μM **GP-BAN** in PBS buffer bubbled with 95% O~2~ and 5% CO~2~ at 37 °C for 1 h. Slices were then washed three times with PBS and observed under a two-photon confocal microscope (Olympus FV1000).

3. Results and discussion {#s0050}
=========================

3.1. Design and synthesis of **GP-BAN** {#s0055}
---------------------------------------

It is well-known that DPP-IV can cleave the dipeptides from the *N*-terminal end of peptides or polypeptides with proline, alanine, serine, valine, glycine or leucine at the penultimate position. Particularly, DPP-IV prefers to hydrolyze the substrates with proline at the second position and the glycine at the terminal position ([@bib14], [@bib18]). These facts inspired us that it is possible to develop a preferred fluorescent substrate for DPP-IV by introduction of a Gly-Pro substitute on a basic fluorophore. In this context, a ratiometric two-photon fluorescent probe (**GP-BAN**) was designed for sensing DPP-IV on the basis of the substrate preference of this key enzyme and the principle of the intramolecular charge transfer (ICT). Specifically, *N*-butyl-4-amino-1,8-naphthalimide was selected as the basic fluorophore due to its desirable photophysical properties including large Stokes shifts, high photostability and significant two-photon absorbability at near infrared wavelength ([@bib44], [@bib16], [@bib20]). The probe **GP-BAN** was synthesized by the incorporation of a glycylprolyl (Gly-Pro) group into **BAN** *via* amidation, which served as a reserved metabolic site for DPP-IV ( [Scheme 1](#f0030){ref-type="fig"}). The detailed synthetic procedure for **GP-BAN** was provided in [Scheme S1](#s0120){ref-type="sec"}, while the chemical structure of **GP-BAN** was fully characterized by HRMS, ^1^H NMR and ^13^C NMR ([Figs. S1--S3](#s0120){ref-type="sec"}).Scheme 1Proposed response mechanism of the **GP-BAN**/**BAN** system for DPP-IV detection. **GP-BAN** can be readily cleaved upon addition of DPP-IV and such biotransformation leads to the release of BAN, which strengthens intramolecular charge transfer and brings the redshift in both absorbance and fluorescence spectra.Scheme 1

3.2. Spectral properties of **GP-BAN** toward DPP-IV {#s0060}
----------------------------------------------------

As expected, **GP-BAN** could be readily hydrolyzed under physiological conditions and release a single metabolite upon addition of DPP-IV or DPP-IV containing biological samples, such as human kidney microsomes (HKM), human intestine microsomes (HIM) and human liver microsomes (HLM). The metabolite was identified as **BAN** by comparison of LC retention times, UV and MS spectra with the standard ([Fig. S4](#s0120){ref-type="sec"}). To demonstrate the ratiometric feature of the **GP-BAN**/**BAN** system, the UV--vis absorption and fluorescence emission spectra of **GP-BAN** with or without DPP-IV were depicted. As shown in [Fig. S5](#s0120){ref-type="sec"}a, **GP-BAN** exhibited an absorption band at 360 nm in phosphate buffer saline (PBS)-acetonitrile (v/v =1:1, pH 7.4 at 37 °C), and the solution was colorless due to the strong electron-withdrawal effect of the glycylprolyl moiety. In sharp contrast, upon addition of DPP-IV, the absorption at 360 nm decreased evidently, while a new absorption band at 430 nm emerged. Such a large red shift in the absorption behaviour changed the colour of the solution from colorless to yellow, indicating that **GP-BAN** can serve as a ''naked-eye'' colorimetric indicator for DPP-IV. Consistently, the maximum emission peak also underwent a desirable red-shift from 455 to 535 nm upon addition of DPP-IV ([Fig. S5](#s0120){ref-type="sec"}b). The desirable red-shifted emission after hydrolysis should be attributed to the stronger ICT efficiency of the released amino compound **BAN**. Further investigations showed that **GP-BAN** is quite stable in the pH range from 2.0 to 7.8, while the pH values do not affect the fluorescence intensity of both **GP-BAN** and **BAN** over the pH range of 2.0--7.8 ([Fig. S6](#s0120){ref-type="sec"}). The fluorescence quantum yields of **GP-BAN** and **BAN** in PBS-acetonitrile (v/v =1:1) were also determined as 0.45 and 0.67, respectively, by using fluorescein as the standard. These findings suggested that **GP-BAN** could function properly under physiological conditions (pH 7.4 at 37 °C).

3.3. Selectivity screening of **GP-BAN** {#s0065}
----------------------------------------

The specificity of **GP-BAN** hydrolysis was then investigated by a panel of human hydrolases including most known prolyl-cleaving dipeptidases. As shown in [Fig. 1](#f0005){ref-type="fig"}, only DPP-IV can elicit a marked increase in the fluorescence intensity at 535 nm, while the fluorescence intensity at 455 nm is decreased dramatically. In sharp contrast, other hydrolases including carbonic anhydrase (CA), trypsin, pepsin, butyryl-cholinesterase (BChE), acetylcholinesterase (AChE), proteinase K, human serum albumin (HSA), lysozyme, Lipase, α-acidoglycoprotein, human carboxylesterases (hCE1 and hCE2), and other human prolyl-cleaving dipeptidases including FAP, DPP-VIII, and DPP-IX led to negligible changes in fluorescence intensity. Notably, the rate of **GP-BAN** hydrolysis in DPP-IV is 22-fold higher than that in DPP-IX, and 125-fold higher than that in other DPP-VIII, suggesting that **GP-BAN** is an isoform specific probe for DPP-IV. Furthermore, the fluorescence performance of **GP-BAN** toward DPP-IV cannot be influenced by common biological metallic ions or amino acids in human tissues or fluids ([Fig. S8](#s0120){ref-type="sec"}). All these findings clearly demonstrate that **GP-BAN** displays an excellent specificity for DPP-IV over other human hydrolases and biologically relevant species in human tissues or fluids and thus holds great promise for highly selective detection of DPP-IV in complex biological samples.Fig. 1Fluorescence intensities ratio (*I*~535~/*I*~455~) of **GP-BAN** (100 μM) upon addition of different hydrolases. The spectra were measured in PBS-acetonitrile (v/v =1:1, pH 7.4) at 37 °C for 60 min *λ*~ex~ =360/430 nm.Fig. 1

3.4. Sensitivity and detection limit of **GP-BAN** based assay {#s0070}
--------------------------------------------------------------

For accurate measurement of the real activities of target enzyme in various biological samples, the linear fluorescent response with enzyme concentration is very essential. As shown in [Fig. S9](#s0120){ref-type="sec"}, the formation of **BAN** is time and DPP-IV dependent, the formation rates of **BAN** in DPP-IV are linear with the incubation time up to 60 min, while the ratio of fluorescence intensities (535 nm/455 nm) exhibits a good linearity (R^2^ \>0.98) to the increasing concentrations of DPP-IV in the range from 0 to 80 ng/mL. The detection limit (3σ/slope) of **GP-BAN** for DPP-IV is also estimated as 0.78 ng/mL (7.43 pmol/L). It has been reported that the concentrations of DPP-IV in human serum have been determined ranging from 200 ng/mL to 700 ng/mL, while its expression levels in other tissues including kidney, liver and intestine are much higher than that in serum ([@bib3]). Thus, the sensitivity of **GP-BAN** is high enough to determine DPP-IV in human plasma or other complex biological samples. In addition, we compared the detection limits of **GP-BAN** and GP-AMC (a commercially available fluorescent probe for DPP-IV) using various concentrations of human DPP-IV. Under identical conditions, the sensitivity of the **GP-BAN** was about 4-fold more sensitive than that of GP-AMC. Such high sensitivity may be attributed to the very high catalytic efficacy of DPP-IV mediated **GP-BAN** hydrolysis, as well as to the high fluorescence intensity of **BAN**.

3.5. Enzymatic kinetics of DPP-IV mediated **GP-BAN** hydrolysis {#s0075}
----------------------------------------------------------------

It is well-known that the enzyme kinetic behaviour is very crucial for the quantitative applications of the activity-based fluorescent probes ([@bib12]; [@bib27], [@bib28]; [@bib10]; [@bib30]; [@bib40], [@bib42]). Herein, the enzymatic kinetics of **GP-BAN** hydrolysis was well-characterized in different enzyme sources including DPP-IV, HKM and HIM. As depicted in [Fig. S10](#s0120){ref-type="sec"}, **GP-BAN** hydrolysis in DPP-IV, HKM and HIM followed the classic Michaelis-Menten kinetics, which was evidenced by the corresponding Eadie-Hofstee plots. The kinetic parameters for **GP-BAN** hydrolysis in different enzyme sources were listed in [Table S1](#s0120){ref-type="sec"}. It is evident from [Table S1](#s0120){ref-type="sec"} that the *K* ~m~ value for **GP-BAN** hydrolysis in DPP-IV (42.93 μM) is very similar to that in HKM (48.04 μM) and HIM (41.46 μM), suggesting that DPP-IV plays predominant role in **GP-BAN** hydrolysis in human kidney and intestine. In order to compare the kinetic parameters for **GP-BAN** hydrolysis with other known probe reactions for DPP-IV, the kinetic parameters for GP-AMC hydrolysis in DPP-IV were determined under the same conditions (pH 7.4 at 37 °C). As shown in [Fig. S11](#s0120){ref-type="sec"}, DPP-IV mediated GP-AMC hydrolysis also followed classic Michaelis-Menten kinetic, with the apparent *K* ~m~ and *V* ~max~ values as 237.80 μM and 9.01 μmol/min/mg protein. It is evident from these results that DPP-IV displays a relatively high affinity towards **GP-BAN** (with the *K* ~m~ value of 42.93 μM) and a higher hydrolytic efficiency (with the *V* ~max~ value of 15.49 μmol/min/mg protein) ([@bib14]). As a result, the catalytic efficacy (*V* ~max~/*K* ~m~) for **GP-BAN** hydrolysis in DPP-IV (360.82 mL/min/mg protein) is about 10-fold of that for GP-AMC hydrolysis in DPP-IV (37.89 mL/min/mg protein). These results demonstrated that **GP-BAN** was a good substrate for DPP-IV and displayed excellent kinetic behaviours, which encourage us to apply this probe reaction as an efficient tool to quantify trace DPP-IV in complex biological samples.

3.6. Quantification of DPP-IV in human tissues {#s0080}
----------------------------------------------

To assess the applicability of this newly developed DPP-IV sensor, the **GP-BAN**-based assay was further applied to measure DPP-IV activities in microsomes from different tissues. These tissue preparations showed extremely different DPP-IV activities, while HKM showed the highest DPP-IV activity ([Fig. S12](#s0120){ref-type="sec"}a). These results were further validated by ELISA ([Fig. S12](#s0120){ref-type="sec"}b), and a good relevance was observed between the rate of **GP-BAN** hydrolysis and DPP-IV protein levels among various human tissues. These results demonstrated that **GP-BAN** could be used to sensitively determine the real activities of DPP-IV in complex biological samples, and the quantification was highly reliable.

3.7. Quantification of DPP-IV in diluted human plasma {#s0085}
-----------------------------------------------------

To further explore whether **GP-BAN** could be used to detect trace DPP-IV in complex biological systems, the applicability of **GP-BAN** for the detection of trace DPP-IV in human body fluids (such as plasma) was investigated. As shown in [Fig. S13](#s0120){ref-type="sec"}, the hydrolytic activities of DPP-IV in plasma samples from 13 health volunteers were carefully measured by using **GP-BAN** as a probe substrate. As shown in [Fig. S13](#s0120){ref-type="sec"}, about 4-fold variations in the catalytic activity of DPP-IV in human plasma were observed, which is in good agreement with the previously reported results in individual differences in DPP-IV activity in human plasma ([@bib8]). Furthermore, an ELISA method was used to determine the DPP-IV levels in these plasma samples, and the results agreed well with the rates of **GP-BAN** hydrolysis in these samples ( [Fig. 2](#f0010){ref-type="fig"}). These findings strongly suggested that **GP-BAN** could serve as a novel tool to detect trace amounts of DPP-IV in complex biological samples including diluted plasma. Given that DPP-IV served as a potential biomarker or target for many diseases, **GP-BAN** hold great promise for disease diagnosis and clinical practice.Fig. 2Correlation analysis between the hydrolytic rates of **GP-BAN** and expression levels of DPP-IV in a panel of individual plasma samples (n =13).Fig. 2

3.8. High-throughput screening of DPP-IV inhibitors {#s0090}
---------------------------------------------------

Encouraged by the above mentioned results, we subsequently employed **GP-BAN** hydrolysis as the probe reaction to rapidly screen DPP-IV inhibitors by using human plasma and HIM as enzyme sources. To this end, two known DPP-IV inhibitors including sitagliptin and vildagliptin were used, while their inhibitory effects on DPP-IV mediated **GP-BAN** hydrolysis in recombinant human DPP-IV, human plasma and HIM were assayed by a microplate reader with a 96-well microplate ( [Fig. 3](#f0015){ref-type="fig"} and [Fig. S14](#s0120){ref-type="sec"}). As shown in [Fig. 3](#f0015){ref-type="fig"}a and b, the inhibitory tendency and the IC~50~ values of each inhibitor in both DPP-IV and human plasma were very similar. For instance, the IC~50~ values of sitagliptinon against DPP-IV in recombinant and human plasma were evaluated as 13.00 nM, and 16.59 nM, respectively. These results clearly shown that human plasma could be used as the enzyme source instead of expensive recombinant or purified DPP-IV for screening of DPP-IV inhibitors. Notably, the plasma needs to be 100-fold diluted by PBS for the **GP-BAN**-based assays, which means that only 2 μL of plasma is enough for DPP-IV related assays by using **GP-BAN** as probe substrate. Therefore, **GP-BAN** could serve as a promising tool for high-throughput screening (HTS) of DPP-IV inhibitors by using readily available human plasma as enzyme source in the field of drug discovery. Given that DPP-IV inhibitors are commonly used in clinical, it is urgently necessary to evaluate the sensitivity of a given DPP-IV inhibitor against DPP-IV among different individuals. Thus, **GP-BAN** holds a great promise to evaluate the efficacy of therapeutic drugs targeting DPP-IV and to guide the dosage adjustment for precision medicine in future.Fig. 3a) Dose-inhibition curves of sitagliptinon (0--0.5 μM) on **GP-BAN** hydrolysis in both human plasma and DPP-IV. IC~50~ =13.00 nM, 16.59 nM, respectively. b) Dose-inhibition curves of vildagliptin (0--2.5 μM) on **GP-BAN** hydrolysis in both human plasma and DPP-IV. IC~50~ =58.65 nM, 85.12 nM, respectively.Fig. 3

3.9. Two-photon properties of **GP-BAN** {#s0095}
----------------------------------------

To further expand the potential applications of the newly developed probe in bioimaging related fields, especially cellular and tissue imaging, **GP-BAN** was intentionally applied for bioimaging of endogenous DPP-IV in living cells and deep tissues. Prior to bioimaging, the two-photon absorption cross sections of **GP-BAN** and **BAN** were determined in PBS-acetonitrile (v/v=1:1, pH 7.4) by the two-photon induced fluorescence measurement technique. As shown in [Fig. S15](#s0120){ref-type="sec"}, both **GP-BAN** and **BAN** could be excited with near-infrared light (two-photon absorption), while the two-photon action cross section (δ) values of both substrate and product were much close under excitation at 805 nm (about 600 g). Large two-photon action cross section of **GP-BAN** and **BAN** makes them attractive candidates as two-photon imaging agents.

3.10. Bioimaging of DPP-IV in living cells {#s0100}
------------------------------------------

Prior to cell imaging, the cytotoxicity of **GP-BAN** and **BAN** was evaluated by a standard MTT assay. As shown in [Figs. S16 and S17](#s0120){ref-type="sec"}, both of **GP-BAN** and **BAN** exhibited relatively poor cytotoxicity to living hepatocellular carcinoma (HepG2) and colon adenocarcinoma (Caco-2) cells, as evidenced by the more than 80% cell viability of these two cell lines upon addition of **GP-BAN** (25 μM) or **BAN** (25 μM) at 37 °C for 48 h. In these cases, **GP-BAN** (25 μM) was co-incubated with HepG2 and Caco-2 cells, and the confocal fluorescence images were recorded both in one- and two-photon modes. As shown in [Fig. 4](#f0020){ref-type="fig"} and [Fig. S19](#s0120){ref-type="sec"}, HepG2 and Caco-2 cells loaded with **GP-BAN** (25 μM) for 30 min at 37 °C showed an obvious strong green fluorescence (for **BAN**) and dim blue fluorescence (for **GP-BAN**) when excited at 805 nm. In contrast, following pretreatment of living cells with vildagliptin (a potent DPP-IV inhibitor, 50 μM), the fluorescence intensity decreased significantly in the green channel and increased evidently in the blue channel ([Fig. 4](#f0020){ref-type="fig"}e--h, [Fig. S19](#s0120){ref-type="sec"}e--h). It was evident that the changes in fluorescence response were DPP-IV dependent. The consistent changes in fluorescence were also observed in one photon microscopy ([Figs. S18 and S20](#s0120){ref-type="sec"}). To further validate the specific hydrolysis of **GP-BAN** by endogenous DPP-IV, chemical inhibition assays were also conducted in HepG2 and Caco-2 cells lysates. The results demonstrated that vildagliptin could remarkably reduce the formation of **BAN** in cells lysates from HepG2 and Caco-2 cells ([Figs. S21 and S22](#s0120){ref-type="sec"}). All these data clearly showed that **GP-BAN** could serve as a specific probe for both single-photon and two-photon-excited bioimaging and for sensing the real activities of DPP-IV in living cells.Fig. 4Two-photon confocal fluorescence imaging of **GP-BAN** (25 μM) stained with HepG2 cells. (*a*-d) Cells were incubated with **GP-BAN** (25 μM) at 37 °C for 30 min (f--h) Cells were pretreated with vildagliptin (50 μM) and then added **GP-BAN** (25 μM) at 37 °C for 30 min. Images were acquired under excitation at 805 nm with two fluorescent emission windows: (b, f) blue =420--460 nm; (c, g) green =495--540 nm. Scale bars =10 µm.Fig. 4

3.11. Depth imaging of DPP-IV in mouse kidney tissues {#s0105}
-----------------------------------------------------

To further assess the application potential of **GP-BAN** as a two-photon fluorescent probe for bioimaging of DPP-IV in deep tissues, we next investigated the sensing ability of this probe for DPP-IV in fresh mouse kidney specimen. Prior to tissue imaging, the specificity of **GP-BAN** toward DPP-IV in mouse kidney was investigated. As shown in [Fig. S23](#s0120){ref-type="sec"}, vildagliptin could strongly inhibit the hydrolysis of **GP-BAN** in mouse kidney preparations, implying that **GP-BAN** hydrolysis in mouse kidney is mediated by DPP-IV. In this case, **GP-BAN** was co-incubated with mouse kidney slice in PBS (pH =7.4 at 37 °C) for 60 min and subsequently washed with PBS three times to remove the residual probe before confocal fluorescence imaging. As shown in [Fig. 5](#f0025){ref-type="fig"}, the application of **GP-BAN** in mouse kidney imaging was demonstrated by using a laser scanning confocal microscope under femtosecond laser excitation at 805 nm. Strong fluorescence was observed from green channel (495--540 nm) and the depth of tissue penetration was as far as 250 µm, indicating that **GP-BAN** displayed good capability of tissue penetration and was suitable for direct two-photon fluorescent depth imaging of trace DPP-IV in living tissues. These findings demonstrated that **GP-BAN** was capable of measuring endogenous DPP-IV in living tissues by TPM, which could be attributed to its good two photon fluorescence properties and the increased penetration depth by TPM.Fig. 5Two-photon confocal fluorescent images of endogenous DPP-IV in a mouse kidney slice stained with **GP-BAN** (20 μM). Images (60× magnification) were acquired at depth within 250 µm with excitation at 805 nm and fluorescent emission windows of 420--460 nm and 495--540 nm. Scale bars =20 µm.Fig. 5

4. Conclusion {#s0110}
=============

In summary, a novel ratiometric two-photon fluorescent probe **GP-BAN** has been designed and well characterized for highly selective detection of DPP-IV in complex biological systems including plasma, living cells and tissue slice. The newly developed probe displays excellent selectivity toward DPP-IV over other human hydrolases including FAP, DPP-VIII and DPP-IX. **GP-BAN** can be efficiently hydrolyzed by DPP-IV and release **BAN** which brings significant changes in both colour and fluorescence emission spectrum, allowing the naked-eye visible and fluorescence analysis. Furthermore, both **GP-BAN** and **BAN** exhibit excellent two-photon properties, which could be excited with near-infrared light to avoid interference of biological matrix and photodamage to living sample. Further biological applications demonstrate that **GP-BAN** can be used to measure DPP-IV in complex biological samples such as plasma and tissue preparations, as well as to monitor endogenous DPP-IV in living systems with high ratiometric imaging resolution and deep-tissue imaging depth. All these findings suggest that **GP-BAN** can serve as a highly specific fluorescent probe to image DPP-IV in complex biological systems and to explore the biological functions and medicinal roles of endogenous DPP-IV in living systems.
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